Introduction
============

The master clock located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus regulates circadian rhythms in mammals. A critical feature of circadian timing is the ability of the clockwork to be reset by light with the retinohypothalamic tract being the principal pathway through which entrainment information reaches the SCN \[[@b1]\]. Synchronization among SCN neurons leads to coordinated circadian outputs from the nuclei, ultimately regulating bodily rhythms. Similar clock oscillators are also found in peripheral tissues, such as the liver, intestine, retina, heart and pancreas \[[@b2], [@b3]\]. The clock mechanism in both SCN neurons and peripheral tissues consists of the transcription factors CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and muscle Arnt-like 1) that heterodimerize and bind to E-box sequences to mediate transcription of a large number of genes, including *Period*s (*Per1, Per2, Per3*) and *Cryptochromes* (*Cry1, Cry2*). PERs and CRYs constitute part of the negative feedback loop, so that once they are translated, they oligomerize and translocate to the nucleus to inhibit CLOCK : BMAL1-mediated transcription \[[@b3], [@b4]\].

Feeding regimens, in addition to light, can also provide a time cue for the circadian clock. Restricted feeding (RF) limits the time and duration of food availability with no calorie reduction. Rodents receiving food *ad libitum* (AL) every day at the same time for about 3--5 hrs adjust to the feeding period within a few days and learn to eat most of their daily food intake during that limited time \[[@b5]\]. Interestingly, diurnal RF in nocturnal animals shifts many physiological activities normally dictated by the SCN in peripheral tissues, causing uncoupling from the central pacemaker in the SCN. Notably, RF effects occur even in rodents with lesioned SCN or animals kept in constant darkness (DD) \[[@b6], [@b7]\]. It is assumed that RF affects the physiology of the animal not through the SCN but through a food-entrainable oscillator (FEO) whose location has been elusive. Lesions in the dorsomedial hypothalamic nucleus \[[@b8]--[@b11]\], the brainstem parabrachial nuclei \[[@b9], [@b12]\] and nucleus accumbens \[[@b13], [@b14]\] revealed that these brain regions may be involved in the FEO output, but they cannot fully account for the oscillation \[[@b15]\]. CLOCK \[[@b16]\] or BMAL1 \[[@b17]\] and other clock proteins \[[@b18]\] have been shown not to be necessary for food anticipatory activity (FAA). However, it has recently been demonstrated that *mPer2* mutant mice do not exhibit food anticipation \[[@b19], [@b20]\].

RF has been shown to lead to robust circadian rhythms \[[@b21]\]. Higher and robust amplitudes of circadian rhythms have been previously associated with aging retardation and extended life span. For instance, longevity was increased in older hamsters given foetal suprachiasmatic implants that restored higher amplitude rhythms \[[@b22], [@b23]\]. On the other hand, recent data indicate that disruption of circadian rhythms either by exogenous cues, such as shift work and sleep deprivation or by mutations in clock genes can lead to manifestations of the metabolic syndrome, as well as to certain types of cancer, coronary heart diseases, depression and overall reduced life expectancy \[[@b5], [@b24]--[@b32]\].

Other feeding regimens, such as calorie restriction (CR), which limits the amount of calories consumed to 60--70% of the daily intake, and intermittent fasting, which allows food to be available AL every other day, extend the life span of mammals and prevent aging-associated diseases \[[@b33]--[@b36]\]. These feeding regimens also alter physiological measures, such as body temperature and oxygen consumption \[[@b37], [@b38]\] as well as circadian rhythms \[[@b5], [@b39], [@b40]\]. Although RF leads to high amplitude circadian rhythms, which are considered beneficial \[[@b22], [@b23]\], it is not known whether RF resembles CR or intermittent fasting in its ability to delay the occurrence of age-associated changes, such as cancer and inflammation.

Materials and methods
=====================

Animals, treatments and tissues
-------------------------------

Nine-week-old male C57BL/6 mice were housed in a temperature- and humidity-controlled facility (23--24°C, 60% humidity). Mice were entrained to a light--dark cycle of 12 hrs light and 12 hrs darkness (LD) for 2 weeks with food available AL. After 2 weeks of AL feeding, mice were divided into two groups and were fed either AL or had time-RF for 16 weeks. The RF group was given food only between ZT3 and ZT6 (ZT0 is the time of lights on). Daily food intake was measured, and body weight was monitored once weekly throughout the experiment. Average food consumption in the eighth week of the experiment was 3.98 ± 0.15 g and 3.38 ± 0.09 g for the AL and RF groups, respectively. Average food consumption on the 16th week of the experiment was 3.25 ± 0.14 g and 2.85 ± 0.09 g for the AL and RF groups, respectively. Food consumption was correlated with dry body mass, as previously described, *i.e.* correlated food intake = food consumption/body weight^0.75^\[[@b41]\]. After 4 months, mice were anesthetized with isoflurane and killed. Blood, liver, jejunum and white adipose tissue (WAT) were removed every 3 hrs around the circadian cycle in total darkness (DD) under dim red light to avoid masking effects by light. Blood was left to coagulate at room temperature for 2 hrs, centrifuged for 10 min. at 1500 × *g*, and stored at −80°C until further analysis. Tissues were immediately frozen in liquid nitrogen and stored at −80°C until further analysis. Mice were humanely killed at the end of the experiment. All animal experimentation conducted in this study was approved by the joint ethics committee (IACUC) of the Hebrew University and Hadassah Medical Center.

Animal locomotor activity
-------------------------

Mice from the AL and RF groups were housed individually in 17.5 × 28 × 13 cm plastic cages. After 14 days in 12:12 light--dark, mice were put in total darkness (DD) for 16 days. General activity was monitored using a system composed of infrared detectors (Intrusion detector model MH10) (Crow group, Airport City, Israel) that were placed above each cage and connected to a computer \[[@b42]\]. Data were collected continuously using ADAMView software (Advantech, Milpitas, CA, USA), at 6 min. intervals. Double plotted actograms were generated using Actogram software, kindly provided by Refinetti R., University of South Carolina.

RNA extraction and quantitative real-time PCR
---------------------------------------------

For gene expression analyses, RNA was extracted from liver, jejunum and WAT using TRI Reagent (Sigma, Rehovot, Israel). Total RNA was DNase I-treated using RQ1 DNase (Promega, Madison, WI) for 2 hrs at 37°C, as was previously described \[[@b43], [@b44]\]. Two micrograms of DNase I-treated RNA were reverse-transcribed using MMuLV reverse transcriptase (Promega) and random hexamers. One-twentieth of the reaction was then subjected to quantitative real-time PCR using primers spanning exon--exon boundaries and the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Primers for all genes were tested alongside the normalizing gene glyceraldehyde 3 phosphate dehydrogenase (*Gapdh*). The primers used are shown in Table S1. Primers were designed with Primer Express v.2 (Applied Biosystems) and validated by a standard curve and dissociation curve of the product. The fold change in target gene expression was calculated by the 2^−ΔΔCt^ relative quantification method (Applied Biosystems).

Western blot analysis
---------------------

Liver, jejunum and WAT samples (∼200 mg) were homogenized in 1 ml lysis buffer (pH 7.8, 20 mM Tris, 145 mM NaCl, 5% glycerol, 1% Triton X-100, 50 nM phenylmethylsulfonyl fluoride (PMSF), 50 μM sodium fluoride (NaF), 10 μM sodium orthovanadate (Na~3~VO~4~), 50 ng/ml aprotinin, 100 ng/ml leupeptin, 0.8 μg/ml trypsin inhibitor \[Sigma\]). Nuclear extracts from liver tissue were prepared as was previously described \[[@b45]\]. Briefly, liver tissue was homogenized in hypotonic buffer \[20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM KCl, 1 mM MgCl~2~, 0.5 mM dithiothreitol (DTT), 0.1% Triton X-100, 20% (w/v) glycerol, 2 mM PMSF, 50 ng/ml aprotinin, 100 ng/ml leupeptin, 0.8 μg/ml trypsin inhibitor \[Sigma\]) followed by centrifugation at 1600 × *g* for 5 min. Pellets were resuspended in hypertonic buffer (20 mM HEPES, 10 mM KCl, 1 mM MgCl~2~, 0.5 mM dithiothreitol, 0.1% Triton X-100, 20% glycerol, 2 mM PMSF, 420 mM NaCl and 50 ng/ml aprotinin, 100 ng/ml leupeptin, 0.8 μg/ml trypsin inhibitor \[Sigma\]) and incubated on a shaker for 20 min. at 4°C. Subsequently, the samples were centrifuged at 35,000 × *g* for 10 min. and the supernatant was collected. Samples (50 μg total protein/lane for all proteins, except 200 μg/lane for tumour necrosis factor \[TNF\]α and interleukin \[IL\]-6) were run onto an SDS-PAGE \[14% for TNF-α and IL-6, 10% for AMP-activated protein kinase (AMPK), pAMPK and sirtuin 1 (SIRT1), 8% for nuclear factor κB (NF-κB)\]. After electrophoresis, proteins were semi-dry transferred onto nitrocellulose membranes. Blots were incubated with rabbit antimouse AMPK/pAMPK polyclonal antibody (Cell Signaling Technology, Beverly, MA, USA), rabbit antimouse SIRT1 polyclonal antibody (Millipore, Temecula, CA, USA), rabbit antimouse NF-κB p65 subunit polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), rat antimouse TNF-α monoclonal antibody or rat antimouse IL-6 monoclonal antibody (BioLegend, San Diego, CA, USA). Mouse monoclonal antibody (MP Biomedicals, Solon, OH, USA) was used to detect actin the loading control. Reacted membranes were washed and reacted with horseradish peroxidase-conjugated secondary antibodies, anti-rabbit (Cell Signaling Technology), anti-rat and antimouse (Jackson ImmunoResearch, West Groove, PA, USA). The immune reaction was detected by enhanced chemiluminescence (Santa Cruz Biotechnologies). Finally, bands were quantified by scanning and densitometry and expressed as arbitrary units.

Serum protein analyses
----------------------

Serum protein levels of c-reactive protein (CRP), plasminogen activator inhibitor 1 (PAI-1) and IL-6 were determined by MILLIPLEX™ Multiplex-Luminex Panel assay (Millipore, Billerica, MA, USA). Assays were performed according to the manufacturers' instructions.

Enzymatic colorimetric test
---------------------------

Serum triglycerides and cholesterol as well as alanine aminotransferase (ALT) and aspartate transaminase (AST) protein levels were determined by Cobas® kits (Burgess Hill, UK) and analysed in a Roche/Hitachi analyser (Roche Diagnostics, Indianapolis, IN, USA). Assays were performed according to the manufacturers' instructions.

Statistical analyses
--------------------

All results are expressed as means ± S.E. For the evaluation of significant differences under RF, a Student's t-test was performed. For all analyses, the significance level was set at *P* \< 0.05. A one-way [anova]{.smallcaps} (time of day) was performed to analyse circadian pattern with several time-points. Statistical analysis was performed with JMP software (version 5.1) (SAS Institute, Inc., Cary, NC, USA). Further analysis of circadian rhythmicity was done using Acro software (version 3.5), Circadian Rhythm Laboratory, University of South Carolina, Walterboro, SC, USA.

Results
=======

To examine the impact of long-term RF on circadian rhythms and overall marker levels, mice were fed regular chow for 3 hrs everyday at the same time for 16 weeks and were compared to mice fed AL. A 4 month period of time allows circadian rhythms and aging-related biomarkers to change and stabilize \[[@b46], [@b47]\]. The expression levels of several clock genes, disease, inflammation, allergic and metabolic markers were analysed in the serum, liver, jejunum and WAT. We used several time-points throughout the circadian cycle to measure oscillation as well as average daily levels for better assessment of total protein and mRNA levels under AL and RF.

Body weight and food intake under AL and RF
-------------------------------------------

Both AL and RF groups gained weight throughout the experiment. Nevertheless, the mean body weight of the RF group was lower than that of the AL group. This difference started during the adjustment period to the RF and persisted throughout the experiment ([Fig. 1A](#fig01){ref-type="fig"}). The final mean body weight of the RF group was significantly lower (27.3 ± 0.4 g) than that of the AL group (29.8 ± 0.5 g) (Student's t-test, *P* \< 0.01). To test the reduction in body weight, we corrected food consumption to body mass. Average food intake to total body mass ratio was 0.109 and 0.104 for the AL and RF group, respectively, yielding a 95.4% food consumption of the RF group compared to that of the AL group. Average food intake to dry mass ratio was 0.254 and 0.238 for AL and RF group, respectively, yielding a 93.6% food consumption of the RF group compared to that the AL group.

![Body weight and locomotor activity of mice fed AL or RF. (A) Mean body weight during AL and RF. After 2 weeks of AL food availability, food was given either AL or restricted in time for only 3 hrs between ZT3 and ZT6. Body weight of mice fed AL (solid black line) or RF (dashed grey line) diet was measured at the end of each week throughout the experiment. Values are means ± S.E., *n* = 4 for each time-point in each group. (B) Representative double-plotted actograms of AL- and RF-fed mice. The white and black bars designate the light and dark periods, respectively. Food availability during RF is marked by the crosshatched box. DD indicates the day on which mice were put in total darkness. (C) Animal locomotor activity of mice fed AL (solid black line) or RF (dashed grey line) during the first day in DD. The grey and black bars designate the subjective day and night, respectively. Food availability during RF is marked by the crosshatched box.](jcmm0015-2745-f1){#fig01}

Effect of RF on locomotor activity
----------------------------------

RF led to a change in mouse locomotor activity ([Fig. 1B](#fig01){ref-type="fig"}). Before the time of food availability, mice displayed FAA ([Fig. 1B, C](#fig01){ref-type="fig"}). Although activity of AL mice initiated at the beginning of the dark phase and was mainly nocturnal, RF-treated mice were mainly diurnal. FAA was also seen under total darkness (DD), in addition to free-running behaviour with a period of 23.7 hrs under both AL and RF ([Fig. 1B, C](#fig01){ref-type="fig"}). Nevertheless, total activity during 24 hrs was not affected by the RF regimen compared with that of AL feeding (data not shown).

Effect of RF on clock genes
---------------------------

To study the circadian clock of mice under AL and RF, we tested the phase and amplitude of the clock genes *Per1, Per2, Cry1, Bmal1* and *Clock* at the mRNA level in mouse liver and jejunum. Analysis revealed that all clock genes oscillated robustly in both AL and RF groups (*P* \< 0.05, one-way [anova]{.smallcaps}, Acro) ([Fig. 2](#fig02){ref-type="fig"}; Table S2). RF caused a phase advance in the expression of clock genes ([Fig. 2](#fig02){ref-type="fig"}). In addition, most clock genes exhibited higher amplitude expression under RF compared to AL. These results demonstrate the dominance of the RF regimen over the SCN clock in peripheral tissues.

![Circadian rhythms of clock genes in the liver and jejunum of AL- and RF-fed mice. Liver and jejunum were collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line) or RF (dashed grey line). Food availability during RF is marked by the crosshatched box. mRNA was quantified by real-time PCR. Clock gene levels were normalized using *Gapdh* as the reference gene. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 4 for each time-point in each group.](jcmm0015-2745-f2){#fig02}

Effect of RF on metabolic markers
---------------------------------

Several key proteins that respond to energy balance changes in the cell, *e.g.* AMP- AMPK, nicotinamide adenine dinucleotide (NAD)^+^-dependent histone deacetylase SIRT1, peroxisome proliferator-activated receptor α (PPARα), PPAR-γ and PPAR-γ co-activator 1α (PGC-1α), have recently been shown to play a key role in the core clock mechanism \[reviewed in [@b48], [@b49]\]. To examine the impact of RF on these key metabolic factors, we measured AMPK, SIRT1, PPAR-α, PPAR-γ and PGC-1α oscillation, expression amplitude, and phase around the circadian cycle.

In the liver and jejunum, under AL, *Ampk* mRNA oscillation (*P* \< 0.05, one-way [anova]{.smallcaps}) peaked during the light phase, the time of inactivity, whereas under RF, it peaked before food availability (*P* \< 0.0001, one-way [anova]{.smallcaps}, Acro) ([Fig. 3](#fig03){ref-type="fig"}; Table S2). No oscillation could be detected in WAT. Liver AMPK protein oscillated under RF (*P* \< 0.01, one-way [anova]{.smallcaps}) ([Fig. 4](#fig04){ref-type="fig"}; Table S3) with a phase delay compared to its mRNA ([Fig. 3](#fig03){ref-type="fig"}), as expected for the lag between transcription and translation. Interestingly, even the active phosphorylated form, pAMPK, exhibited circadian oscillation under both treatments (*P* \< 0.01, one-way [anova]{.smallcaps}) ([Fig. 4](#fig04){ref-type="fig"}; Table S3), suggesting circadian control over the AMPK kinase. Analysis of daily average levels revealed no significant effect of RF on *Ampk* mRNA levels in liver, jejunum and WAT or on liver protein levels ([Fig. 4](#fig04){ref-type="fig"}; Table S4). However, pAMPK, the active AMPK form, significantly increased in the liver (1.4-fold, *P* \< 0.05, Student's t-test) and, thus, the ratio pAMPK/AMPK, attesting to the higher overall activation of AMPK under RF.

![Circadian rhythms and average mRNA levels of metabolic markers in the liver, jejunum and WAT of AL- and RF-fed mice. Liver and jejunum were collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line and columns) or RF (dashed grey line and grey columns). Food availability during RF is marked by the crosshatched box. mRNA was quantified by real-time PCR and is plotted as relative levels. Metabolic gene levels were normalized using *Gapdh* as the reference gene. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 4 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f3){#fig03}

![Circadian rhythms and average protein levels of AMPK, pAMPK and SIRT1 in the liver and jejunum of AL- and RF-fed mice. Liver and jejunum were collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line and columns) or RF (dashed grey line and grey columns). Food availability during RF is marked by the crosshatched box. Protein was analysed by Western blotting and quantified using actin as loading control. Representative blots are shown above the figures. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 4 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f4){#fig04}

*Sirt1* mRNA oscillated in the liver, jejunum and WAT under both treatments (*P* \< 0.01, one-way [anova]{.smallcaps}). Liver and jejunum *Sirt1* mRNA peaked towards the end of the subjective night under RF. WAT *Sirt1* mRNA oscillated under AL (*P* \< 0.0001, one-way [anova]{.smallcaps}) and showed a biphasic pattern under RF ([Fig. 3](#fig03){ref-type="fig"}; Table S2). Daily average *Sirt1* mRNA levels were significantly up-regulated in the liver (2.8-fold, *P* \< 0.0001, Student's t-test) ([Fig. 3](#fig03){ref-type="fig"}; Table S4). Daily average SIRT1 protein levels in the liver showed a non-significant increase ([Fig. 4](#fig04){ref-type="fig"}) and exhibited no oscillatory pattern under AL and RF (data not shown). Conversely, jejunal *Sirt1* mRNA and SIRT1 protein levels were significantly down-regulated 3- and 14-fold, respectively (*P* \< 0.001, Student's t-test) ([Fig. 4](#fig04){ref-type="fig"}; Table S4).

Liver *Ppar*α mRNA oscillated under both treatments (*P* \< 0.0001, one-way [anova]{.smallcaps}, Acro), with higher amplitudes under RF. WAT *Ppar*α mRNA showed a bimodal pattern under both AL and RF. *Ppar*α mRNA daily average levels significantly increased in the jejunum (2-fold, *P* \< 0.0001, Student's t-test), decreased in the WAT (1.5-fold, *P* \< 0.05, Student's t-test), but did not change in the liver ([Fig. 4](#fig04){ref-type="fig"}; Table S4). *Ppar*γ mRNA oscillated in the liver (*P* \< 0.01, one-way [anova]{.smallcaps}, Acro) and jejunum (*P* \< 0.0001, one-way [anova]{.smallcaps}, Acro) under RF and exhibited higher amplitudes in liver and jejunum, but did not significantly oscillate in WAT. Daily average *Ppar*γ mRNA levels significantly decreased in the liver (1.25-fold, *P* \< 0.05, Student's t-test) and WAT (1.4-fold, *P* \< 0.05, Student's t-test), but significantly increased in the jejunum (1.5-fold, *P* \< 0.01, Student's t-test) ([Fig. 4](#fig04){ref-type="fig"}; Table S4).

Unlike the liver (*P* \< 0.001, one-way [anova]{.smallcaps}), WAT or jejunum *Pgc-1*α mRNA did not exhibit an oscillatory pattern under AL. Under RF, *Pgc-1*α mRNA in the liver peaked just before the time food was made available and in the middle of the subjective night (*P* \< 0.001, one-way [anova]{.smallcaps}). Jejunum *Pgc-1*α mRNA peaked only before the time food was given and showed high levels throughout the subjective day (*P* \< 0.01, one-way [anova]{.smallcaps}, Acro) ([Fig. 3](#fig03){ref-type="fig"}; Table S2). Daily average *Pgc-1*α mRNA levels in RF-fed mice significantly increased in the liver and WAT (6- and 1.4-fold, respectively, *P* \< 0.0001, Student's t-test), but significantly decreased in the jejunum (1.3-fold, *P* \< 0.01, Student's t-test) ([Fig. 3](#fig03){ref-type="fig"}; Table S4).

In light of the changes in the aforementioned key metabolic factors, we determined serum cholesterol and triglycerides levels throughout the circadian cycle. Triglycerides oscillated significantly under RF (*P* \< 0.05, one-way [anova]{.smallcaps}) and in a tight correlation with food intake time ([Fig. 5](#fig05){ref-type="fig"}, Table S4). Daily average levels of cholesterol and triglycerides were significantly lower under RF (1.4- and 1.25-fold, respectively, *P* \< 0.01, Student's t-test) ([Fig. 5](#fig05){ref-type="fig"}, Table S4).

![Serum levels of lipids, inflammation and disease markers of AL- and RF-fed mice. Blood was collected and serum separated for analysis every 3 hrs around the circadian cycle (triglycerides, cholesterol, IL-6, ALT and AST) or at mid-day and mid-night (CRP, PAI-1) from mice fed either AL (solid black line and columns) or RF (dashed grey line and grey columns). For triglycerides, food availability during RF is marked by the crosshatched box. Protein and lipid levels were determined by ELISA. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 3 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f5){#fig05}

Effect of RF on disease markers
-------------------------------

We next studied the effect of RF on several disease markers by assessing their phase, amplitude and overall expression levels around the circadian cycle. We measured PAI-1, a possible marker for thrombosis and proneness to heart attacks \[[@b50]\]; arginase, a possible marker for colorectal cancer and liver metastases \[[@b51]--[@b55]\]; growth arrest and DNA damage 45β (GADD45β), a possible marker for hepatocellular carcinoma \[[@b56]\]; α fetoprotein (AFP), a possible marker for hepatocellular carcinoma \[[@b57]\]; ALT, a possible marker for non-alcoholic fatty liver and obesity \[[@b58]\] and AST, a possible marker for hepatotoxicity \[[@b59]\]. No robust oscillation at the mRNA level was observed in the expression of these disease markers except for liver *Afp* under RF (data not shown). ALT and ARGINASE protein levels did not oscillate as well (data not shown), suggesting that their genes are not controlled by the circadian clock. Although liver total *Alt* mRNA levels significantly increased (1.45-fold, *P* \< 0.01, Student's t-test), serum ALT and AST levels did not change ([Fig. 6](#fig06){ref-type="fig"}; Table S4). Similarly, no change was detected in average daily levels of *Alt* mRNA in the jejunum ([Fig. 6](#fig06){ref-type="fig"}; Table S4). However, average daily levels of jejunum *Arginase, Gadd45*β and *Afp* mRNA significantly decreased under RF (2-fold, 1.4-fold and 2-fold, respectively, *P* \< 0.005, Student's t-test) ([Fig. 6](#fig06){ref-type="fig"}; Table S4).

![Average mRNA levels of disease markers in the liver and jejunum of AL- and RF-fed mice. Liver and jejunum were collected every 3 hrs around the circadian cycle from mice fed either AL (black columns) or RF (grey columns). mRNA was quantified by real-time PCR. Disease marker gene levels were normalized using *Gapdh* as the reference gene. For total daily levels, all time-points were averaged. Values are means ± S.E., *n* = 48 for each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f6){#fig06}

Effect of RF on inflammation markers
------------------------------------

We next studied the capacity of RF to affect the expression of inflammation markers and to possibly serve as an aging retardant mechanism. We assessed several well-established inflammatory markers whose levels increase as the organism ages \[[@b60]--[@b62]\]. The markers tested were CRP, a possible marker for inflammation and coronary heart disease \[[@b63]\]; NF-κB, an inflammation-mediating transcription factor; the pro-inflammatory cytokines, IL-1α, IL-1β, IL-6; TNF-α and the anti-inflammatory cytokine IL-10, for their expression amplitude, phase and overall daily levels.

*Crp* oscillated under AL and RF in the jejunum (*P* \< 0.001, one-way [anova]{.smallcaps}) and WAT (*P* \< 0.0001, one-way [anova]{.smallcaps}) ([Fig. 7](#fig07){ref-type="fig"}; Table S2). WAT *Crp* amplitude increased substantially under RF during the subjective night but without a rise in total daily levels, suggesting a better adaptation to activity--rest immune function. *Crp* mRNA daily average levels were significantly up-regulated (1.3-fold, *P* \< 0.05, Student's t-test) in the liver, with no change in the jejunum and WAT ([Fig. 7](#fig07){ref-type="fig"}; Table S4) or serum protein levels ([Fig. 5](#fig05){ref-type="fig"}; Table S4).

![Circadian rhythms and average mRNA levels of inflammation markers in the liver, jejunum and WAT of AL- and RF-fed mice. Liver, jejunum and WAT were collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line and columns) or RF (dashed grey lined and grey columns). Food availability during RF is marked by the crosshatched box. mRNA was quantified by real-time PCR. Inflammation gene levels were normalized using *Gapdh* as the reference gene. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 6 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f7){#fig07}

Liver *Il-1*α oscillated during the subjective night under both AL (*P* \< 0.05, one-way [anova]{.smallcaps}) and RF (*P* \< 0.05, one-way [anova]{.smallcaps}, Acro) ([Fig. 7](#fig07){ref-type="fig"}; Table S2). Liver and jejunum *Il-1*β did not oscillate under AL and RF ([Fig. 7](#fig07){ref-type="fig"}; Table S2). WAT *Il-1*α and *Il-1*β showed a bimodal pattern under AL and RF with a phase advance in the peak during the subjective night under RF. Daily average levels of jejunum *Il-1*α and *Il-1*β mRNA significantly decreased (3.5-fold and 2.5-fold, respectively, *P* \< 0.0001, Student's t-test), WAT *Il-1*β mRNA significantly decreased (1.8-fold, *P* \< 0.05, Student's t-test), but liver *Il-1*β mRNA significantly increased (1.6-fold, *P* \< 0.01, Student's t-test) ([Fig. 7](#fig07){ref-type="fig"}; Table S4).

*Tnf*α did not oscillate in any of the tissues. *Tnf*α mRNA daily average levels significantly decreased in WAT (2.3-fold, *P* \< 0.001, Student's t-test), did not change in the jejunum, and slightly increased in the liver (1.3-fold, *P* \< 0.05, Student's t-test). Regardless of the mRNA levels, protein levels in both liver and jejunum showed an extensive reduction (3- and 2-fold, respectively, *P* \< 0.01, Student's t-test) ([Fig. 8](#fig08){ref-type="fig"}; Table S4).

![Circadian rhythms and average protein levels of inflammation markers in the liver and jejunum of AL- and RF-fed mice. Liver and jejunum were collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line and columns) or RF (dashed grey line and grey columns). Food availability during RF is marked by the crosshatched box. Protein was analysed by Western blotting and quantified using actin as loading control. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 3 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f8){#fig08}

Liver, jejunum and WAT *Il-6* mRNA did not oscillate under AL, but showed a biphasic pattern under RF ([Fig. 7](#fig07){ref-type="fig"}; Table S2). Daily average *Il-6* levels under RF significantly decreased in the liver (1.4-fold, *P* \< 0.05, Student's t-test) and WAT (2.5-fold, *P* \< 0.0001, Student's t-test) correlating with the significantly decreased IL-6 serum protein levels (3-fold, *P* \< 0.05, Student's t-test) ([Fig. 5](#fig05){ref-type="fig"}; Table S4). In addition, jejunal IL-6 protein levels significantly decreased (2-fold, *P* \< 0.0001, Student's t-test) under RF ([Fig. 8](#fig08){ref-type="fig"}; Table S4).

*Nf*κ*b* mRNA showed a bimodal expression pattern in liver under RF and in WAT under both treatments ([Fig. 7](#fig07){ref-type="fig"}). In liver and jejunum, RF increased the amplitude, whereas in WAT the amplitude decreased. *Nf*κ*b* p65 mRNA daily average levels significantly decreased in WAT (2-fold, *P* \< 0.01, Student's t-test) but increased (1.3-fold, *P* \< 0.05, Student's t-test) in the jejunum. In addition, NF-κB p65 nuclear protein fraction significantly decreased in the liver (1.5-fold, *P* \< 0.01, Student's t-test) ([Fig. 8](#fig08){ref-type="fig"}; Table S4).

The anti-inflammatory cytokine *Il-10* oscillated in the jejunum under AL (*P* \< 0.0005, one-way [anova]{.smallcaps}, Acro) and showed biphasic pattern under RF across all tissues ([Fig. 7](#fig07){ref-type="fig"}). *Il-10* daily average levels showed a significant increase in the liver and jejunum (1.4- and 1.3-fold, respectively, *P* \< 0.05, Student's t-test) ([Fig. 7](#fig07){ref-type="fig"}; Table S4).

Effect of RF on allergy markers
-------------------------------

The allergic response oscillates in character and intensity throughout the day and is exacerbated during the night in human beings \[[@b64]\]. Furthermore, steroid-based pharmacological drugs that are used to treat allergy, are also known to affect the molecular mechanism of the circadian clock \[[@b64], [@b65]\]. Therefore, we tested whether the circadian clock controls key proteins in mast cells, the main effectors of the allergic reaction. We tested mast cell proteins in the jejunum, as this tissue is relatively rich in mast cells \[[@b66]\]. The relative mRNA of mast cell-specific markers: mast cell protease 4 (MCPT-4), mast cell chymase1 (MCPT-5/CMA1) and C-kit receptor (C-KIT/CD117) were determined throughout the circadian cycle in jejunum tissue. *Mcpt-4* and *Mcpt-5* showed an oscillatory pattern under both RF and AL (*P* \< 0.05, one-way [anova]{.smallcaps}) ([Fig. 9](#fig09){ref-type="fig"}; Table S2). This oscillation became markedly more robust and high in amplitude under RF, but without a significant increase in daily average levels ([Fig. 9](#fig09){ref-type="fig"}; Table S4). *Mcpt-4* peaked just before food was given under RF, suggesting an adaptation to food intake time ([Fig. 9](#fig09){ref-type="fig"}). Also, albeit differences in oscillation patterns, all three markers showed a general phase advance under RF.

![Circadian rhythms and average mRNA levels of mast cell markers in the jejunum of AL- and RF-fed mice. Jejunum was collected every 3 hrs around the circadian cycle from mice fed either AL (solid black line and columns) or RF (dashed grey lined and grey columns). Food availability during RF is marked by the crosshatched box. mRNA was quantified by real-time PCR. Gene levels were normalized using *Gapdh* as the reference gene. For total daily levels, all time-points were averaged. The grey and black bars designate the subjective day and night, respectively. Values are means ± S.E., *n* = 6 for each time-point in each group. Asterisk denotes significant difference (*P* \< 0.05).](jcmm0015-2745-f9){#fig09}

Discussion
==========

Effect of RF on circadian rhythms
---------------------------------

Overall, RF caused high amplitude rhythms in the expression of components of the molecular clock and markers of disease in the periphery. Some genes that showed mild oscillation under AL were amplified under RF, such as liver *Ppar*α and jejunum *Per1* and *Bmal1*. Moreover, some genes that did not oscillate at all under AL, did oscillate in a robust fashion under RF, such as liver *Ppar*γ and jejunum *Cry1, Clock* and *Ppar*γ. These results may reflect the dominance of RF over the light--dark cycle, as has been previously established \[[@b6], [@b7], [@b21], [@b48]\]. The results achieved with liver *Ppar*α mRNA support previous findings in which *Ppar*α mRNA was highly expressed under RF \[[@b67]\]. These high amplitude rhythms could pose a possible stress response to the diurnal feeding \[[@b68]\]. In addition, RF caused a phase advance in gene expression. The phase advance in clock gene expression alongside increased pAMPK levels under RF are in concert with former findings regarding the role of AMPK in clock function. Activated AMPK phosphorylates CKIɛ, resulting in increased casein kinase I (CKI)ɛ activity and degradation of *Per2* \[[@b69]\]. AMPK also phosphorylates CRY1 leading to its degradation \[[@b70]\]. Degradation of the negative limb of the clockwork leads to a phase advance in the circadian expression pattern. This has also been corroborated in mice fed a high-fat diet, where levels of AMPK were low and led to a phase delay \[[@b71]\].

We found *Sirt1* mRNA but not SIRT1 protein oscillation, as opposed to Asher *et al*. \[[@b72]\]. The mRNA discrepancy could be explained by different mouse strains used in both studies. The protein discrepancy could be explained by the fact that we used total protein and not nuclear extracts. In the jejunum, we found higher amplitudes in clock gene expression under RF than AL ([Fig. 2](#fig02){ref-type="fig"}). Although high levels of SIRT1 were found to be required for the higher amplitude circadian expression of core clock genes in mouse liver and cultured fibroblasts \[[@b72]\], we found decreased SIRT1 levels in the jejunum ([Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). This discrepancy can be explained by different regulations in the various tissues, and the fact that the proposed effect is mediated by NAD^+^ levels, rather than variation in SIRT1 overall levels.

In contrast to the high-amplitude rhythms, the oscillation of jejunum *Per2* diminished under RF. This finding reiterates previous suggestions that *Per2* is controlled both centrally by the SCN and locally by the endogenous clock \[[@b73]\] or by the SCN and the FEO \[[@b21]\]. Previous works in mice \[[@b37]\] and rats \[[@b38]\] demonstrated significant changes at the behavioural and physiological level under CR, such as food anticipation, motor activity, body temperature and respiration, thus accounting for altered metabolism and rhythmicity. Our study shows a comparable change under RF to the studies with CR \[[@b37], [@b38]\], suggesting common mechanisms. It is noteworthy that the activity pattern under RF ([Fig. 1C](#fig01){ref-type="fig"}) correlated closely with that of *Per2* ([Fig. 2](#fig02){ref-type="fig"}) and *Mcpt-4* ([Fig. 9](#fig09){ref-type="fig"}) mRNA expression in the jejunum, further indicating that these genes are particularly affected by the feeding regimen. Interestingly, some genes (*Sirt1, Pparα, Il-1α, Il-1β, Il-6, Nf*κ*b* and *Il-10*) showed a bimodal pattern of expression in WAT under RF. As oscillation in peripheral tissues is mainly driven by the FEO, it is possible that in WAT both oscillators, the SCN and FEO, dictate gene expression, as has been previously suggested \[[@b74], [@b75]\]. This study corroborates recent works, showing that RF entrains inflammatory factors \[[@b76]\] and leads to a robust oscillation of numerous other hepatic genes in clock deficient mice \[[@b77]\].

Effect of RF on metabolism
--------------------------

Robust oscillation and a phase advance were also observed in most of the metabolical markers in both liver and jejunum under RF. As expected, under AL, *Ampk* mRNA oscillation peaked during the light phase, the time of inactivity, whereas under RF, it peaked before food availability. This is in agreement with the low energy levels when the animals were asleep under the AL regimen or devoid of food under the RF regimen. Under RF, when AMP levels increase, AMPK is activated, as indeed is demonstrated by the higher pAMPK/AMPK ratio ([Fig. 4](#fig04){ref-type="fig"}), to boost production of ATP and inhibit its usage. Similarly, the NAD^+^ histone deacetylase SIRT1 activity is up-regulated in response to changes in the energy status. SIRT1 activation promotes transcription of genes that mediate the metabolic response to stress or starvation, among which is PGC-1α ([Fig. 10](#fig10){ref-type="fig"}), as was reported \[[@b78]\]. Indeed, PGC-1α involvement in the switch from glycolysis to gluconeogenesis under fasting conditions in the liver is well documented \[[@b79]--[@b81]\] and fits well with the temporal food restriction inherent to the RF model.

![Suggested model for RF effects and interactions in various mouse tissues. (A) In the liver, RF is believed to lead to an increase in both NAD^+^ and AMP levels that could explain the observed AMPK activity up-regulation and increased *Sirt1* mRNA leading to presumed increased activity levels. AMPK phosphorylates PGC-1α and the observed increase in its mRNA levels alongside those of *Sirt1*, assuming a parallel increase at the protein level, may lead to the arrest of glycolysis and fat storage and increase in gluconeogenesis and fatty acid oxidation. SIRT1 also inhibits NF-κB activity, as observed, which leads to down-regulation of pro-inflammatory cytokines (IL-6 and TNF-α). Combined with the observed up-regulation of the anti-inflammatory cytokine *Il-10* mRNA, assuming similar effect at the protein level, this yields reduced inflammation. (B) In the jejunum, RF increases *Ppar*α mRNA levels, which leads to fatty acid oxidation, assuming a parallel increase at the protein level. PPAR-α is also known to inhibit NF-κB. Pro-inflammatory cytokines (IL-1, IL-6 and TNF-α) are down-regulated and together with an increase of the anti-inflammatory cytokine IL-10 ultimately lead to reduced inflammation. This suggests a novel pathway by which RF can influence the inflammatory processes in the gut. (C) In WAT, inflammatory processes are inhibited in fat tissue as well. In addition, RF decreases *Ppar*γ mRNA and assuming a parallel decrease at the protein level, this could result in reduced fat storage.](jcmm0015-2745-f10){#fig10}

Because *Ppar*α mRNA is highly expressed in cells that have active fatty acid oxidation capacity, such as enterocytes, the up-regulation we found in the jejunum suggests an increase in fatty acid oxidation and a shift towards lipid energy utilization in the intestine. Also, *Ppar*α mRNA down-regulation observed in WAT may support an increase in fat mobilization from its stores to the circulation \[[@b82], [@b83]\]. A previous study has shown that disrupted clock leads to higher absorption of lipids in enterocytes \[[@b84]\]. Our results extend these findings, and provide molecular support that robust oscillation in the jejunum is correlated with reduced serum lipids. Liver *Ppar*α did not change significantly under RF suggesting that liver energy metabolism remained as under AL, reiterating that the mice were not food deprived.

RF leads to reduction in inflammation and disease markers
---------------------------------------------------------

We found that the nuclear fraction of NF-κB protein decreased in the liver under RF. It is well established that pro-inflammatory mediators \[*e.g.* TNF-α, IL-1b, IL-6, cyclooxygenase (COX)-2, iNOS\] are induced during the aging process, including the NF-κB signalling pathway \[[@b85]\], leading to age-related diseases, such as cardiovascular disease \[[@b86]\], diabetes \[[@b87]\], certain forms of cancer, Parkinson's \[[@b88]\] and Alzheimer's diseases \[[@b89]\]. Because only the active subunit of NF-κB exerts its effect by translocating to the nucleus, this result implies a reduced activation of the NF-κB inflammatory pathway \[[@b85]\].

RF led to a decrease in the disease markers *Arginase* and *Afp* in the jejunum. This might suggest a partial beneficial outcome of RF to well being. The lack of *Gadd45*β reduction in the liver is beneficial, as reduction is detrimental and may lead to hepatocellular DNA damage \[[@b56]\]. Reduction in *Gadd45*β expression in the jejunum may be linked to the reduction of stress-related immune factors, such as TNF-α\[[@b90]\]. In addition, RF reduced the expression of *Il1*α and *Il1*β in the jejunum. This reduction may be linked to the increase in PPAR-α levels ([Figs 3](#fig03){ref-type="fig"} and [8](#fig08){ref-type="fig"}), as PPAR-α was shown to inhibit IL-1 signalling by antagonizing the NF-κB pathway \[[@b83]\]. Moreover, intestinal chemosensory cells, which are involved in nutrient sensing, are known to express inflammatory markers \[[@b91]\] making it an interesting possibility that the FEO is located in the gut.

Reduction in lipid storage by repressing WAT PPAR-γ affects adipokine signalling. Reduced fat, and, hence, reduced adipokine secretion by WAT presumably leads to a decrease in age-related inflammatory and metabolic disorders \[[@b92]\]. Although Picard and Guarente \[[@b92]\] explained the reduction in PPAR-γ to be a result of SIRT1 activation, such a correlation of levels and possibly activation was not found in WAT, but did, however, exist in the liver. Thus, PPAR-γ down-regulation in WAT and SIRT1 up-regulation in liver under RF may lead to the reduced activation of the NF-κB inflammatory pathways.

Comparison between RF and Ramadan
---------------------------------

RF regimen resembles the month of Ramadan, during which Muslims abstain from eating and drinking during day hours from dawn to sunset, and fast for about 16 hrs a day, whereas the last meal is taken at 1:00--2:00 a.m. \[[@b93]\]. The average low levels of cholesterol and triglycerides under RF are in agreement with those found during Ramadan \[[@b93], [@b94]\]. These results show that RF leads to the reduction of lipid levels in the blood, possibly preventing diseases, such as diabetes, cardiovascular diseases and metabolic syndrome. Serum disease markers, such as ALT and AST did not change under RF indicating lack of liver damage \[[@b95]\], as was found for Ramadan fasting \[[@b93]\]. Although we could not find significant changes in CRP levels, Aksungar and colleagues \[[@b96]\] demonstrated that Ramadan fasting has some positive effects on the inflammatory state and on risk factors for cardiovascular diseases, such as CRP and homocysteine. Our results may represent better the actual state, as we examined eight consecutive time-points throughout the circadian cycle, whereas Aksungar *et al.* \[[@b96]\] tested a single time-point.

In summary, our findings show that RF has a profound effect on various physiological processes by altering circadian expression and metabolism. RF leads to the lowering of the inflammatory state and disease proneness ([Fig. 10](#fig10){ref-type="fig"}) similar to CR \[reviewed in [@b97], [@b98]\]. However, its effect on life span is still unclear. As RF is a less harsh regimen to follow than CR, it may be suggested for individuals seeking better health and maybe even longer life span.
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